Using a combination of scanning tunneling spectroscopy and atomic lateral manipulation, we obtained a systematic variation of the Kondo temperature (TK) of Co atoms on Ag(111) as a function of the surface state contribution to the total density of states at the atom adsorption site (ρs). By sampling the TK of a Co atom on positions where ρs was spatially resolved beforehand, we obtain a nearly linear relationship between both magnitudes. We interpret the data on the basis of an Anderson model including orbital and spin degrees of freedom (SU(4)) in good agreement with the experimental findings. The fact that the onset of the surface band is near the Fermi level is crucial to lead to the observed linear behavior. In the light of this model, the quantitative analysis of the experimental data evidences that at least a quarter of the coupling of Co impurities with extended states takes place through the hybridization to surface states. This result is of fundamental relevance in the understanding of Kondo screening of magnetic impurities on noble metal surfaces, where bulk and surface electronic states coexist. 
I. INTRODUCTION
Single atoms with partially filled d-or f -shells on a solid state surface are known to exhibit strong electron correlations leading to a wide range of physical ground states. The magnetic properties of such impurities on metals are inherently connected with many-body interactions between the localized magnetic moment and the conduction electrons [1] [2] [3] [4] [5] [6] [7] [8] [9] . In this framework, the Kondo effect 1,10,11 is the most frequently found. Since this phenomenon is an archetypal example of the formation of a many-body quantum state, it is central in the understanding of the electronic behavior of complex strongly correlated electrons systems such as heavy fermions 11, 12 , Kondo insulators 13 , and nanoscale systems 2, 3, 5, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Thanks to the large spatial and energy resolution of scanning tunneling microscopy (STM) and spectroscopy (STS) 2, 18, 19 , these tools are extremely well suited to access the spectroscopic features of adsorbate induced many-body resonances in tunneling differential conductance (dI/dV ). Most of STM studies on Kondo impurities are performed on noble metal (111) surfaces, where both bulk and surface electrons coexist 2, 3, 5, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Unavoidably, the question of whether surface or the bulk electrons play the leading role in the Kondo effect raises. To date, the answer remains unclear because there are conflicting conclusions depending on the technical approach to the problem. Since bulk electrons decay much faster than surface state electrons into the crystal, it has been common practice to measure the Kondo resonance as a function of the lateral distance to the atom 3, 5, 29, 30 . For instance, Henzl et al. 5 concluded that bulk electrons determine the Kondo temperature (T K ) of Co/Ag(111) by intentionally depleting the spectral weight of the surface state at Fermi level. The study of the Kondo resonance next to a monoatomic step edge led to the conclusion that the role of the surface states is marginal 21 . This is supported by the weak dependence of T K of Co on noble metal surfaces 31 with marked differences in the weight of their surface states relative to the bulk ones. On the contrary, the theoretically predicted 29, 30 oscillations of the resonance line shape as a function of the tip lateral displacement on the order of the bulk electrons Fermi wavelength have not been observed 2, 3, 5 . In fact, the theoretical description by Merino et al. 32 cannot explain the distance dependent data on Co/Cu(111) 3 without a major involvement of the surface states.
The seminal work about the quantum mirage of the Kondo resonance into the focus of elliptical resonators proves unambiguously a finite contribution of surfaces states 20 . Based on the relative intensity of dI/dV at both foci (one with a Co impurity and the other empty) a lower bound of 1/10 for the relative contribution of surface states has been estimated 33 . Moreover, the rather high T K ∼ 180 K of a Co porphirine on ( √ 3 × √ 3)AgSi(111), where bulk electrons states are not present, indicates that a significant coupling between the surface states and magnetic impurity is possible 34 . In support of this, it has been recently shown that dI/dV of Ag(111) oscillates as the resonance width of Co atoms near step edges, quantum resonators or another atom 35 . It is worth noting that, from the theoretical point of view, the Kondo effect is extremely sensitive to the hybridiza-tion channels between the impurity and the metal host electrons, which exhibit non-trivial dependencies on the k-space electronic structure of the surface and the actual adsorption geometry 36 . Thus, direct comparison of the Kondo resonance among different environments of the same adatom is physically inaccurate.
In this Article, we quantify the role of surface electron states in the Kondo effect of Co adatoms on Ag(111). We characterize their Kondo spectral features while varying just one single parameter of the problem: the surface state contribution to the local density of states of the substrate, ρ s . In sections II and III we develop the theoretical background on the basis of an Anderson model with SU(4) symmetry, which is consistent with the experimental spectroscopy as opposed to the SU(2) one 35 . Section IV is devoted to the experimental differential conductance dI/dV at position R with (G K ) and without (G) Co impurity between the tip and the Ag(111) surface. The analysis of T K (R) and the amplitude of the Kondo resonance reveals that both magnitudes increase monotonically with G(R). The theoretical calculation of the energy resolved G for varying ρ s is given in section V, using both the non-crossing approximation (NCA) and poor man's scaling (PMS). Finally, in section VI the experimental and theoretical physical parameters are compared. We show that the coupling of the Co impurity state with extended states steaming from the surface state could be the dominant one, and prove a threshold of at least one fourth of that from the bulk states.
II. SYMMETRY ANALYSIS
In analogy with other nobel metal surfaces, 37 the Co atoms might occupy two non equivalent hollow positions on the Ag(111) surface, depending on whether the Co atoms lie above a Ag atom of the second layer or not (fcc/hcp). In both cases the symmetry point group is C 3v . This group has three irreducible representations: A 1 and A 2 of dimension one, and the two dimensional representation E. Disregarding spin for the moment, the Co 3d orbitals are split in one A 1 singlet and two E doublets, as sketched at the left side of Fig. 1 . Choosing the coordinates in such a way that z is perpendicular to the surface and one of the Ag atoms nearest to Co lies in the xz plane, the 3d orbital with symmetry 3z 2 − r 2 transforms as the A 1 representation, xz and yz transform like the E representation, and x 2 − y 2 (−xy) transforms under the operations of C 3v in the same way as xz (yz). Any Hamiltonian that respects the point group symmetry (and without additional symmetry) mixes these two doublets, leading to bonding and antibonding states. In particular, the antibonding E states have the form
Additional adatoms on the surface break the C 3v symmetry, but this effect is small if these atoms are sufficiently far from the Co atom under study as is the case in this work. The Coulomb repulsion inside the 3d orbitals splits the energy necessary to add electrons in the same orbital. For example, let us call E d the energy necessary to add the first electron in one of the antibonding E orbitals with any spin. This energy does not depend on the particular antibonding orbital chosen (e 1 or e 2 ) or its spin. However to add the second electron, one has to pay the Coulomb repulsion U between them. Similarly, the necessary energy to add the third or fourth electron is E d plus the Coulomb repulsion with the previous ones. This is presented schematically at the right of Fig. 1 . The actual position of the levels is more complex because it is modified by exchange and pair hopping terms (see for example Ref. 38 ), but they not affect our treatment. For example, for the ground state for occupancy 2 in the antibonding E is a triplet due to Hund's rules. Instead, for occupancy 3 of theses states the ground state is degenerate and is formed by two spin doublets with one hole in either e 1 or e 2 . A similar splitting takes place for the bonding E and the A 1 states, which remain occupied in the neutral Co atom.
While symmetry alone cannot determine the ordering of the levels, the position of the observed Fano-Kondo dip ω K for positive energies of the order of the Kondo temperature T K or larger (see for instance Figs. 2b and 5) 39 points to an SU(4) Kondo system with occupancy near 1, as we show below. This in consistent with the configuration 3d
7 expected for a neutral Co atom, with four electron occupying the bonding E orbitals, two in the A 1 orbital and the remaining electron in one antibonding E orbitals ( Fig. 1 ). Other possibilities can be disregarded. For example if both A 1 states were the highest in energy putting two holes there and one in the antibonding E orbitals, the model presented in Section III still holds after an electron-hole transformation in the antibonding E orbitals, in which case the Kondo dip would be to the left of the Fermi energ (i.e., same differential conductance as in Fig. 5 but with opposite sign for ω). Assuming a 3d 8 configuration, one has two possibilities to obtain a Kondo state: i) two holes in the antibonding E states, but in this case the Kondo dip would be centered at the Fermi level 40 , ii) one hole in an E state and one hole in an A 1 state. This is the case of Fe phtalocyanine on Au(111) which shows a two-stage Kondo effect with two features of different width at the Fermi energy, 25 completely different from our case. We have not discussed above combinations of holes in bonding and antibonding E orbitals because they are unlikely for Co.
Therefore two channels are necessary to describe the system and one-channel models [like the ordinary onechannel SU(2) Anderson or Kondo model] are ruled out. One has in principle a spin SU(2) times orbital SU(2) model. However, for large U (we take U → ∞ but this is not an essential approximation 41 ) the symmetry is SU(4) (larger than SU (2)×SU (2)), including orbital and spin degeneracies.
III. MODEL AND FORMALISM

A. Hamiltonian
The Hamiltonian can be written as
where d † iσ creates an electron in the antibonding orbital |e i with spin σ, and s † kiσ (b † kiσ ) are creation operators for an electron in the k th surface (bulk) conduction eigenstate with symmetry i and spin σ.
We assume constant densities of bulk states ρ b extending in a wide range from −D to D, and ρ s extending from D s to D (|D s | < D). As we shall show, the fact that the surface band begins abruptly near the Fermi level at D s = −67 meV 42 (neglected in alternative treatments 35 ) plays an essential role in the interpretation of the results. We also assume constant hybridizations V b = V b k and V s = V s k . We believe that these assumptions are not crucial as long as the dependence of these parameters on energy is smooth in a range of a few times T K around the Fermi energy. We define the couplings of the impurity state to bulk and surface state electrons as
2 respectively. Our work allows to experimentally determine the ratio of these two quantities. E d is the energy of the relevant impurity state.
We solve the model using two techniques: non-crossing approximation (NCA, section V A) 11, 43 and poor man's scaling (PMS, section V B) 11,44 on the effective CoqblinSchrieffer model. These approaches are known to reproduce correctly the relevant energy scale T K and its dependence on the Anderson parameters. In contrast to Numerical Renormalization Group in which the logarithmic discretization of the conduction band 45, 46 broadens finite-energy features 46, 47 , and leads to inaccurate Kondo temperatures when a step in the conduction band is near the Fermi level, NCA correctly describes these features. For instance, the intensity and the width of the charge-transfer peak of the spectral density (the one near E d ) was found 48, 49 in agreement with other theoretical methods 49-51 and experiment 52 . The NCA works satisfactorily in cases in which the density of conduction states is not smooth 53 , including in particular a step in the conduction band 54 . Furthermore, it has a natural extension to non-equilibrium conditions 55 and it is specially suitable for describing satellite peaks of the Kondo resonance, as those observed in Ce systems 56, 57 , or away from zero bias voltage in non-equilibrium transport [58] [59] [60] [61] . Due to shortcomings of the approximation for finite U 50,62,63 , we restrict our calculations to U → ∞ but this is not an essential approximation in our case 41 . The PMS is a perturbative approach that integrates out progressively a small portion of the conduction states lying at the bottom and at the top of the conduction bands, renormalizing the Kondo exchange coupling J K 11,44 .
B. The STM tunneling conductance
The differential conductance dI/dV is proportional to the spectral density of the mixed state h iσ (R t ) at the position of the STM tip R t 33 .
where V is the sample bias potential of the STM, e the electron elementary charge,G hiσ (ω) = h iσ ; h † iσ ω is the Green's function of h iσ (R t ), j is the imaginary unit, ǫ is a positive infinitesimal, N is a normalization factor, p b is the ratio of the tunneling matrix element between the STM tip and the bulk states b iσ and between tip and surface states s iσ , while p d is the analogous ratio for Co state d iσ (R t ) and surface states at the tip position. 
∆G h (ω) = 0 if the Co impurity is absent and if not
IV. EXPERIMENTAL RESULTS
Single Co atoms were deposited at low temperatures onto the Ag(111) surface (T ev ∼ 3 K for an experimental temperature T = 1.1 K) cleaned by repeated cycles of sputtering with Ar + and annealing at 500
• C in UHV (P base ≤ 1 × 10 −10 mbar). We use a lock in amplifier to perform STS as a function of the applied sample bias, V . STS was acquired at constant height defined by the regulation set point V 0 , I 0 on Ag(111) with rms modulation voltage V mod and implemented in two modes: (i) Single point dI/dV spectroscopy (V mod = 0.5 mV, V 0 = −100 mV, I 0 = 42 pA) on top of Co atoms to obtain the energy resolved G K (R); and (ii) dI/dV (x, y) mapping at Fermi level (V mod = 1 mV, V 0 = −100 mV, I 0 = 200 pA) to measure the spatially resolved G(R) of the Ag(111) inspected area after clearing it away from atoms by means of atomic manipulation (typical set point for manipulation V 0 = 3 mV, I 0 = 40 − 70 nA). The working temperature is T = 1.1 K or T = 4.7 K, being the Kondo features of one atom in STS identical at both temperatures.
Experimentally, the Kondo effect of isolated Co atoms on metals manifests as a Fano resonance 2, 19, 31, 64 in the impurity G K near the Fermi level. We describe this singularity as G K = G 0 g K , where G 0 (R, ω) is the convolution of the tip and the impurity density of states in absence of Kondo screening and g K (R, ω) contains the Fano function, F (x, q) = (x + q) 2 /1 + x 2 , as follows:
Here ω = eV , ω K the energy of the center of the Kondo resonance, q the Fano asymmetry factor, A K (R) the resonance amplitude when the atom sits at surface position R, and Γ 0 (R) the resonance width, which is related to the Kondo temperature as 2k B T K ≃ Γ 0 for T /T K → 0 19, 65 . Below T K the spin of the extended states couples antiferromagnetically and screens the impurity spin, giving rise to the Kondo state 10,11 . Figures  2(a-b) shows the analysis of a Kondo resonance based on Eq. (7), which permits to extract the parameters T K (R), A K (R), q and ω K for each individual atom at position R.
We first analyze G K of several Co atoms dispersed over the surface at their position right after the evaporation process (i.e., prior to any atom repositioning with the tip). Figures 2(c-e) unveil a significant uncertainty in the parameters describing the Kondo resonance. The histograms elaborated from a set of 40 different atoms are shown in Figures 2(d-e) . T K spans over a range of 28 K ≤ T K ≤ 95 K, with T K = 52.1 ± 9.4 K being the most probable value. The most frequently found value for A K and q is 0.2.
Apart from the hcp/fcc character of the hollow sites in a (111) surface termination, the adsorption geometry of disperse Co atoms is indistinguishable. We have confirmed that the Kondo parameters are the same in both sites except for a slightly lower amplitude A K in one of them. Therefore, the different values obtained for T K and q suggest a sensitivity to the density of surface states ρ s (R). Particularly, in Ag(111), the onset of surface state lies in close proximity (D s = −67 meV) to the Fermi level 42 , leading to a Fermi wavelength λ F ∼ 8 nm 28 , which is comparable to the distance between surface scatterers such as step edges, point impurities or Co adatoms. This will produce interference patterns in ρ s (R) with a characteristic length scale of λ F /2. We have shown elsewhere 28 that ρ s contributes strongly to the total density of states h iσ (R t ) (ρ h ) probed by the tip. Therefore, it is natural to expect that changes in ρ s (R) lead to the observed dispersion of T K of Co/Ag(111), through the hybridization of the Co 3d electrons with the surface states. This will become clear in Section V B, where an analytical expression for the dependence of T K with ρ s is presented.
To benchmark the correlation of T K with the electronic properties of the substrate, we measure g K (see Eq. (7)) over a Co atom at its natural adsorption site R, and subsequently at another position R ′ far enough as to have presumably a different ρ s (|R − R ′ | ∼ λ F /2). In Fig. 3 we show g K at each site and in the absence of any tip change during the manipulation procedure. We find a strong variation of ∆T K = T K (R ′ ) − T K (R) = 24 ± 4 K, well above the experimental uncertainty. This experiment shows unambiguously that the coupling strength between the localized spin and the Fermi gas of conduction electrons is strongly influenced by the local value of ρ s at each contact point.
Next, we evaluate more precisely this position dependent Kondo effect through the analysis of T K and A K of Co atoms relocated in a region where G(R) at Fermi level has been previously characterized (without Co atoms) in constant height conditions. First, we clean out the atoms in the selected working area as depicted in Figs. 4(a,b) . Second we take a G(R) image of the differential conductance near Fermi level (0 < V < 3 mV) as shown in Fig. 4c , whose maxima and minima reflect the characteristic interference pattern of the surface state. Afterwards, a single Co atom is moved across the inspected Ag(111) area (Fig. 4d) and we measure its energy spectrum G K (R) for each R location. Note that this procedure is free of feedback artifacts, and that the drift between consecutive images is corrected by referring always R to a reference feature of the same image.
At the tip-sample distance at which the experiment is performed the STM does not exhibit atomic resolution. Thus, G(R) oscillations are only contributed by ρ s (R), owing to the interference pattern of scattered surface state quasiparticles. In Figs. 4(e,f) we plot T K / T K and A K as a function of G/G 0 for four different data sets gathered together, taken with different tips (symbol code) at different working areas (color code). G 0 is defined as the tunneling conductance of an ideal surface without scattering sources. Experimentally, we determine G 0 as the average differential conductance at Fermi level of a region much larger than λ F , as the one shown in Fig. 4c . This normalization makes the analysis insensitive to the specific electronic structure of the tips used for the experiment. The resulting graphs display a monotonic increase of T K and A K with G, which implicitly provides an evidence of the linear dependence of these parameters on ρ s within the experimental boundaries.
V. THEORETICAL RESULTS
In this section we present the theoretical results for the dependence of T K on the surface states density, ρ s . For simplicity, from now on we choose the origin of energies at ε F = 0. We have taken D s = −67 meV from experiment 21, 28, 66 and have chosen D = 4 eV, ρ b = 0.135
The results are rather insensitive to these parameters if the hybridizations are changed to fix the values of ∆ b and ∆ s . For the energy of the occupied antibonding E state with majority spin (see Fig. 1 ), we take
2).
A different value would simply require a rescaling of ∆ s,b .
Concerning the parameters entering Eq. (3), previous comparison between experiment and theory on the action of Co resonators on the surface states 28 suggest that p . Furthermore, this estimation applies to a different tunneling barrier height 28 , which may strongly alter the ratio p b . Therefore we think that it is better to be cautious and treat p b as an unknown parameter. The shape of the resulting differential conductance dI/dV is rather insensitive to the sign of p b but the intensity is smaller for p b < 0. The parameter p d is determined by fitting the line shape. The line shape is rather insensitive to p b if p d is adjusted. A. Non-crossing approximation
Calculation of the Kondo temperature
To determine theoretically the value of the Kondo temperature T K , we calculate the conductance through the magnetic impurity as a function of temperature G d (T ) for a hypothetical case with p d → ∞ and look for the temperature such that G d (T K ) = γ 0 /2, where γ 0 is the ideal conductance of the system (reached for T = 0 and occupancy 1 of the impurity level). Alternative definitions of T K differ in factor of the order of 1 67 , which is not relevant to us, as we shall show. We are interested in the dependence of T K with ∆ s . In practice we take
where
is the total impurity spectral density adding both orbitals i and spins σ, and f (ω) is the Fermi function.
Fit of the experimental data
In Fig. 5 we show one experimental result for the differential conductance for which the resulting T K is very near to the average one T K , and the corresponding theoretical fit obtained at the experimental temperature T = 4.7 K. For the latter, we have assumed ∆ s = 0.27∆ b , p b = 1.16, which is consistent with the experimental slope of T K vs. the tunneling conductance (see below) and adjusted p d to fit the experimental data. Very similar fits are obtained for larger values of p b . The fit requires to shift the theoretical results by 4 meV to reach the experimental position of the dip ω K = 7.7 meV. The reason of this discrepancy might be due to details on the energy dependence of ∆ s , which are particularly sensitive to the position of the adatoms 28 and we have neglected in our approach.
Note that for the parameters in Fig. 5 , the total width of the Fano dip is Γ 0 = 8.71 meV, while twice T K obtained from the definition based on Eq. (8) gives 2k B T K = 9.78 meV. This ratio is approximately constant for the different parameters used here. Our Fano fit for this experimental curve gives T K = 56.1 K ∼ 4.83 meV. Therefore we assume that this value is representative of the average Kondo temperature T K observed in experiment. Note that the ratio T K / T K does not depend on the definition of T K . We define ρ as the values of the surface spectral density and ∆ s that lead to T K = T K . T K depends mainly on ∆ s + ∆ b and several ratios ∆ s /∆ b can lead to the same T K .
In Fig. 4g we show the dependence of
In good agreement with the experimental behavior of T K (Fig. 4e) , we obtain a linear trend in the interval 0.5 < T K / T K < 1.5 with slope B. As expected, B increases with increasing R = ∆ Table I . The PMS 11, 44 for this SU(4) problem (or in general for SU(N ) symmetry) up to second order in the CoqblinSchrieffer interaction J K has the same form as for the SU(2) Kondo Hamiltonian treated previously 54 , taking N J K as the interaction constant. Then, borrowing previous results and taking the limit U → ∞ we obtain the following analytical formula for the Kondo temperature as a function of ∆ b and ∆ s
where for second order in J K , A = 1. Higher order corrections reduce A and introduce logarithmic corrections. However, in our case, it is not possible to obtain an analytical formula like Eq. (9) if these corrections are included.
In Fig. 6 we plot this function for the same parameters of Fig. 4g , showing again a linear dependence in the relevant range of parameters, in agreement with experiment. We obtain a semiquantitative agreement with the NCA (which assumes U → ∞).
Eq. (9) sheds light on the expected dependence of T K as a function of ∆ s . In the experimentally relevant range of parameters the last (exponential) factor has a marked upward curvature which is largely compensated by the factor |D s | η D 1−η leading to the approximately linear dependence displayed in Fig. 6 In Table II we display the slope (B) obtained from a linear fit in the interval 0.5 < T K / T K < 1.5. The slope with NCA is about 13% (for lower R) to 20% (for larger R) larger than with PMS (cf. Tables I and II) . The agreement might be improved including numerically logarithmic corrections of order J 3 K but we failed in the attempt to calculate them. is the value obtained for the same parameters as before, and differs from the value of TK by a factor ∼ 2. The region enclosed within the dotted rectangle corresponds to the experimental parameter range. We have obtained experimentally and theoretically a linear trend of T K (ρ s ). This might be surprising at first sight, since an exponential dependence of T K with the coupling strength is expected 68, 69 . However, due to the always existing bulk contribution, the proximity of the bottom of the surface band to the Fermi level and the particular region of interest of the parameter phase space (see the analytical PMS result in Eq. (9)), the expected upward curvature is strongly reduced, particularly for small R.
Since the measurements are performed at constant height, the experimental dI/dV without a Co impurity can be written for all positions as G = C(ρ s + p Fig. 4e , we must take into account that
It can be readily shown that B e = (1 + C b )B. The fact that ρ s ≥ 0 for the minimum G observed, G min /G 0 = 0.8 (see Fig. 4 ), implies that C b /(1 + C b ) < 0.8, which leads to the upper bound ∼ 4 for C b . The corresponding theoretical value of B = 0.503 for the NCA method is obtained for R = 0.27 (Table I) . Previously, a lower bound 0.1 was estimated for Co on Cu(111) based on the quantum mirage effect assuming C b = 1 33 . For a more realistic value of the minimum ρ s about 60 % of ρ 0 s (the value for a surface without scattering sources), we obtain B = 1.269 and R = 1 (Table I) , i.e., the same coupling of the impurity to the surface states as to the bulk ones.
VII. CONCLUSIONS
By combining STS, atomic lateral manipulation, and applying a suitable Anderson Hamiltonian for the system, we have demonstrated that surface states have a relevant contribution in the formation of the Kondo state of Co/Ag(111). This result can be extended to other noble metal surfaces and provides an important clue in the understanding of more complex correlated electron systems. The sensitivity of T K to the surface state suggests the possibility to tune the coupling strength between a magnetic impurity and its foremost environment using confining nanostructures with size comparable to λ F 28 . In the case of Co/Ag(111) we provide a lower bound for the coupling of surface states to Co 3d-states that is 27 % of the one to bulk states. Furthermore, we show that a two-channel SU(4) Anderson model (considering both spin and orbital quantum numbers) is more appropriate to describe the Kondo effect than the one-channel SU(2) model. We also show that the proximity of the the surface density of states onset to the Fermi level plays a crucial role in the observed approximately linear dependence of the Kondo temperature with the surface density of states.
